Plant cell walls contain a glycoprotein rich in hydroxyproline. To determine how Acer pseudoplatanus L. cells transport this glycoprotein to the wall, the pulse-chase technique was used to follow changes in specific radioactivity of hydroxyproline and proline in isolated, mito-chondrial, Golgi, microsomal, soluble protein, and wall fractions. The turnover rates or changes in specific radioactivity of cytoplasmic hydroxyproline in these cell fractions indicated that the bulk of this hydroxyproline was transferred not by the Golgi apparatus but by a smooth membranous component.
isolation (13) , but to check the possibility that glutaraldehyde might cause adsorption of soluble proteins onto the isolated organelles, the aldehyde was omitted from some experiments. Cells were usually ruptured by a 90 sec sonication with a Bronson Sonifier (setting No. 3, 40-60 milliamps). Figures 1 and 2 detail the methods for isolation and purification of walls, organelles and soluble proteins. The 7,000 and 10,000 rpm centrifugations were carried out with a Sorvall preparative centrifuge and were equivalent to 6,040 and 12,100g respectively. Speeds of 20,000 (43,000g) and 37,000 (150,000g) rpm were reached with Spinco SW-39 and SW-50 swinging bucket rotors. Golgi bodies were prepared by both differential and sucrose gradient centrifugation as described by Morre and Mollenhauer (12) and Morre et al. (13) .
Electron Microscopy. Intact cells were fixed for 30 min in 6.25 % glutaraldehyde buffered with 0.1 M phosphate at pH 7.2 (18) and postfixed for 1 hr in either phosphate-buffered 2% OS04 or 2% aqueous KMnO4. Some cells were fixed only in KMnO4. Organelles isolated in sucrose-rich medium which either contained or lacked glutaraldehyde were suspended in OS04 or KMnO4 for 1 hr. Following fixation, intact cells and isolated organelles were dehydrated through ethanol or acetone, embedded in Epon, and polymerized in Beem capsules. Gold and silver sections were sometimes counterstained with lead citrate (16) before viewing in either Phillips 100 or Siemens Elimskop 1A electron microscopes.
Labeling Procedures: To trace the cytoplasmic movement of hydroxyproline-rich material from its site of synthesis to its site of deposition, pulse-chase experiments were carried out and the changes in specific radioactivity of hydroxyproline and proline followed as a function of time of labeling or chase in isolated organelles. For each experiment, a 100-ml culture was exposed to 10 to 20 ,uc of "4C-proline (specific radioactivity 200 Ac/mole) and 10-mil aliquots were withdrawn at intervals. Following a 2-min centrifugation (500g) to remove growth medium, cells were filtered, rapidly washed with ice-cold distilled water, and then resuspended in ice-cold isolation medium for 15 min to allow "light", prefixation with glutaraldehyde. The cells were then ruptured and the walls and organelles were prepared as described above.
Assays for Radioactivity and Amino Acids. Walls and isolated organelles were hydrolyzed with 6 N HC1 for 36 hr at 105 C in sealed tubes. The filtered hydrolyzates were evaporated to dryness, redissolved in distilled water, and then passed through an ion exchange resin (AG 50W-X4, 200-400 mesh, H4 form). After elution of the amino acids with 2N NH40H, the eluates were evaporated to dryness. Each dried sample was dissolved in 50 /Aliter of water. Fifteen /Aliters were used for assaying radioactivity and 35 were used for colorimetric determinations of hydroxyproline and proline. To determine the amount of radioactive hydroxyproline and proline, 15 Fio;. 4 . Changes in the specific radioactivity of hydroxyproline (hypro.) as a function of time in cytoplasmnic and cell wall fractions. j3~: wall; A A 20,000 rpm pellet; X----X: 10,000 rpm pellet; O-*---O: 37,000 rpm pellet. A 100-ml cell culture labeled with 20,c of 14C-proline (specific radioactivity 200 ,uc/mole) and a chase (40 mM) was added at 15 min; 10-ml aliquots withdrawn at 5-min intervals; cells sonicated into medium containing glutaraldehyde; organelles isolated by differential centrifugation, organelles hydrolyzed 6 hr in 6 N HCI; hydrolysates filtered, evaporated to dryness and dissolved in 50,l of H20; 15 ul spotted on Whatman No. 4 paper; amino and water) for 80 min at 5200 v (19) . To confirm the identity of the two resulting radioactive spots as hydroxyproline and proline, tracer levels of '4C-proline (specific radioactivity 200 Ac/mole) and of hydroxyproline (specific radioactivity 187 ,uc/mole) were cochromatographed with the hydrolysates. The radioactive hydroxyproline and proline spots, detected by radioautography, were cut into small pieces, placed in 7 ml of scintillation fluid (130 g/liter of naphthalene, 0.2 g/liter of 1 ,4-bis[2-14-methyl-5-phenyloxazolyl]benzene, 4 g/liter phenyl biphenylyloxadiazole-1,3,4 and dioxane) and counted in a Beckman liquid scintillation counter. To verify the labeling of hydroxyproline and proline, some samples were also subjected to a two dimensional separation (electrophoresis followed by chromatography at 90°to the first dimension). Chromatography was for 18 hr in a mixture of t-amyl alcohol plus buffer (1 :1 v/v). The buffer consisted of 5% v/v pyridine and 0.6% N-ethylmorpholine adjusted to pH 8.2 with acetic acid.
For colorimetry, the remaining 35 ,uliter of the original 50-,4diter sample were evaporated to dryness, and the residue was dissolved in 2 ml of water. One milliliter was assayed for hydroxyproline by oxidation with sodium hypobromite and subsequent reaction with Ehrlich's reagent (7) , and the other milliliter for proline by the method of Chinard (1) . The specificity of these procedures was checked by plotting an absorption spectrum of the acids separated by electrophoresis in pH 1.9 buffer (acetic acid 8.7%, formic acid 2.5%, and water); radioactive hydroxyproline and proline spots, detected by radioautography, cut into small pieces, added to scintillation fluid and counted. Remaining 35 Al taken to dryness; dissolved in 2 ml, 1 (Fig. 3) . Each of the Golgi bodies (averaging 15 per cross section of an entire cell) consist of 4 to 8 stacked lamellae (cisternae). In contrast to the Golgi bodies of pollen tubes (17) and maize roots (11) Figure 4 summarizes the changes in specific radioactivity of hydroxyproline in the glutaraldehyde-stabilized cell fractions. The specific radioactivities of hydroxyproline in the 20,000 (microsome) and 37,000 (ribosome) rpm pellets decrease on addition of unlabeled proline. In contrast, the specific radioactivity of hydroxyproline in the 10,000 (Golgi smooth membrane) rpm pellet continues to rise for 5 min after the addition of 40 mm proline and then falls. The hydroxyproline turnover (expressed as ,g hypro per hr per mg dry wt cells) in each of these fractions was calculated from the half-life of labeled hydroxyproline (derived from the changes in specific radioactivity and the total amount of hydroxyproline in each fraction). The 37,000 rpm supernatant contained insufficient trichloroacetic acid-precipitable radioactive hydroxyproline for analysis.
Electron Microscopy of Cell Fractions Resulting from Differen- Table III . Distribution of Radioactive Hydroxyproline in Three Layers Resulting from Discontinuous Sucrose Gradient Purification of Golgi Bodies A 100-ml cell subculture was labeled with 20,c of 14C-proline; cells were ruptured by sonication; walls were separated from cytoplasm by centrifugation (2 min at 500g); cytoplasm was centrifuged at 7,000 rpm (6,040g) for 30 min and the supernatant was processed as in Figure 2 to yield three bands corresponding to 1.25, 1.5, and 1.6 to 1.8 M sucrose; organelles of three bands were hydrolyzed with HCl; radioactive hydroxyproline and proline was determined as in Figure 4 . tial Centrifugation. The major constituents of the 10,000, 20,000, and 37,000 rpm fractions are shown in Figure 5 , 6, and 7, and summarized in Table I .
Pulse-chase Experiment 2, Comparison of Changes in Turnover of Hydroxyproline as a Function of Time in Crude and Enriched
Golgi Fractions. The turnover data obtained from pulse-chase experiment 1 (Table II) showed the Golgi smooth membrane fraction as the chief vehicle of hydroxyproline transport (enough hydroxyproline moves through this fraction to account for that accumulating in the wall over the same period of time). Further purification of a Golgi smooth membrane fraction was obtained by taking a 7,000 rpm supernatant (rather than the 10,000 rpm pellet in pulse-chase experiment 1) and subjecting it to a discontinuous sucrose gradient centrifugation (Fig. 2 [13] ). This gave three discrete layers (top, middle, and bottom) with greater than 95 %0 of the hydroxyproline in the top layer (Table III) . Electron microscopy ( Fig. 8) showed that the top layer was enriched with Golgi bodies often structurally intact but still apparently contaminated by smooth membranous material. (The organelle content of the middle and bottom layers was not examined because they contained very little hydroxyproline). However, the hydroxyproline turnover rate in this purified fraction was much lower (0.04) than in the crude Golgi (0.09) fraction (10,000 rpm pellet, experiment 1), indicating that purification had removed a hydroxyproline component from the crude Golgi fraction.
Pulse-chase Experiment 3, Comparison of Changes in Specific
Radioactivity of Hydroxyproline in an Enriched Golgi Fraction and a Smooth Membrane Fraction (7,000 rpm pellet). The specific radioactivity of hydroxyproline in the 7,000 rpm pellet removed by differential centrifugation from those sonicates which were subjected to sucrose gradient centrifugation was much higher than that of the enriched Golgi fraction (Table IV) . Electron microscopic examination of the 7,000 rpm pellet showed that it consisted mainly of smooth membranes together with mitochondria but was essentially devoid of Golgi bodies (Fig. 9 ). 9 . Electron micrograph of a section through an aldehyde-stabilized 7,000 rpm pellet. Apparent are some mitochondria and an abundant background of smooth surfaced membranes. Upon careful examination some of these membranes appear to be vesiculate. X 27,500. Figure 4 except that a 100-ml cell culture was exposed to 10 ,c of 14C-proline, and organelles were sonicated into homogenization medium lacking glutaraldehyde. The cpm in hydroxyproline/,ug hydroxyproline.
organelles) decrease later than that of the 37,000 rpm (ribosomal)
fraction.
DISCUSSION
Limitations of Techniques Employed. Glutaraldehyde, a commonly used fixative in electron microscopy, was incorporated into the homogenization medium because it stabilizes Golgi bodies (13) during isolation so that they could be easily identified. However, glutaraldehyde can cause adsorption of soluble proteins onto organelles. In addition, the kinetics reported herein could be artifacts reflecting differential rates for glutaraldehyde-induced inactivation of the metabolism of a hydroxyproline-containing component(s) in each cell fraction. To test this possibility, a 14Cj proline pulse-chase experiment was carried out in which organelles were isolated without the aid of aldehyde stabilization. The findings (see "Results," pulse-chase experiment 4) revealed little soluble hydroxyproline (the bulk of cytoplasmic hydroxyproline being organelle bound), indicating that glutaraldehyde does not lead to the soluble hydroxyproline being bound or trapped by the organelles. Also, the observation that smooth membrane fractions (10,000 and 20,000 rpm) chase later than a ribosomal fraction in the absence of aldehyde stabilization argues against the view that the kinetics for hydroxyproline-containing component(s) in aldehyde-stabilized fractions are glutaraldehyde-induced artifacts. Although our present techniques do not rule out the possibility of several hydroxyproline-rich components, the data presented here do show that the bulk of the hydroxyproline is on its way to the cell wall. Evidence that organellar-bound hydroxyproline is in a protein can be summarized as follows: (a) the rapid appearance of high specific radioactivity hydroxyproline in ribosomal preparations during pulse-chase experiments (e.g. experiment 1), (b) cycloheximide, a potent inhibitor of protein synthesis at the ribosomal level (20) inhibits hydroxyproline formation in sycamore-maple cells (5), (c) proteases release both high and low molecular weight hydroxyproline-containing glycopeptides from cell walls (10), (d) examination of the amino acid composition of purified cell walls shows a wide range of amino acids (9) , and (e) the hydroxyproline-containing component(s) of cytoplasmic organelles can be solubilized as high molecular weight material.
Interpretation of Results. The results presented show that three fractions are involved in transport, i.e., they possess a hydroxyproline-containing component(s) whose specific radioactivity declines later than that of the ribosomal fraction. Table VI lists the organelles which characterize these fractions and demonstrates that the only component common to each is a smooth membranous component. These results therefore point to the involvement of a smooth membranous component rather than the Golgi bodies in the transport of hydroxyproline-containing components. This is consistent with the recent report (2) that wall bound hydroxyproline of phloem parenchyma cells derived from carrot disks also appears to be secreted by membraneous organelles.
The identity of the smooth surfaced element(s) remains an exciting but unanswered question, although it may simply be smooth endoplasmic reticulum.
Villemez and coworkers (22) recently isolated a particulate fraction from Phaseolus aureus shoots at velocities comparable to those reported here and found that these particles could incorporate nucleotide sugars. The particles of Villemez et al. (22) and the smooth membranous component reported here have similar sedimentation rates and could be identical. Thus, the nucleotidemediated sugar incorporation observed by Villemez et al. might at least in part be the glycosylation of a hydroxyproline-containing component(s). In this connection, it is of interest that glycosylationof variousanimal proteins is mediated not by Golgi bodies but by other smooth surfaced membranes (3, 21) .
